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H

ydrothermal activity plays an important role in Earth evolution by modifying the composition of oceanic crust, affecting
ocean chemistry, forming metal-rich deposits, and providing
energy and nutrient sources for chemosynthetic biological communities. Several varieties of seafloor hydrothermal vents with widely
varying fluid compositions and temperatures occur in different
tectonic settings. Along divergent plate margins, three basic vent
types have been identified. The first type is a basalt-hosted, hightemperature hydrothermal system with fluid temperatures up to
approximately 400 °C and low H2 and CH4 concentrations, but
high metal concentrations (e.g., TAG hydrothermal field, 26°10′
N Mid-Atlantic Ridge (MAR)) (1). The second type is a serpentinite and gabbro-hosted, high-temperature system with fluid temperatures up to approximately 360 °C and high H2 , CH4 , as well
as high metal concentrations (e.g., Rainbow hydrothermal field,
36°14′N MAR; Logatchev hydrothermal field, 14°45′N MAR)
(2, 3). The third type is a serpentinite-hosted, low-temperature system with 40 to 90 °C fluid temperatures and high H2 , CH4 , but low
metal concentrations (e.g., Lost City hydrothermal field, 30°07′N
MAR) (4, 5). There, carbonate chimneys are produced by highly
reducing, high pH (9 to 11) vent fluids (4, 5). The third type may be
fueled by exothermic serpentinization reactions (4). However,
magmatic heat contributions to the third type are also suggested
based on heat balance modeling (6), like the other two types that
derive their heat from magmatic intrusions. The distinction of
these three basic types at divergent plate margins can be linked to
www.pnas.org/cgi/doi/10.1073/pnas.1112005109

tectonic evolution of mid-ocean ridges, with fluid flow focusing
along detachment faults to allow venting away from ridge axis (7).
Along convergent margins, low-temperature hydrothermal systems
with approximately 2 °C fluid temperatures associated with large
serpentinite mud volcanoes in the Mariana forearc are well known
(8–10). Serpentinite mud volcanoes erupt through interaction of
fluids released from the subducting slab with faulted and/or mylonized peridotite formed along deep-seated faults in the lithosphere
of the overriding plate (11), producing serpentinite, H2 , CH4 , and
high pH (up to 12.5) fluids (12).
The discovery of the Lost City hydrothermal field has stimulated interest in the role of serpentinization of peridotite in
generating H2 - and CH4 -rich fluids and associated carbonate
chimneys, as well as in the biological communities supported
in highly reduced, alkaline environments (4, 5). Serpentinization
of peridotite produces H2 -rich alkaline fluids, magnetite, and
Fe-Ni alloys (13). Fischer-Tropsch-type reactions between H2 and
CO2 using magnetite and Fe-Ni alloys as catalysts result in abiotic
formation of CH4 (14). Anaerobic oxidation of CH4 generates
H2 S, which is the food source for the sulfide-oxidizing bacteria
that are symbiotic with chemosynthetic biological communities.
Such serpentinite-hosted systems may have played important
roles in the emergence of life on the Earth (15).
In this article, we report the discovery of a serpentinite-hosted
ecosystem in the southern Mariana forearc, named the “Shinkai
Seep Field (SSF)” (Fig. 1A). This field was serendipitously found
during the YK10-12 cruise of the R/V Yokosuka in September
2010, intended to study the geology of the southern Mariana
forearc in detail. The field program included 8 dives with DSV
Shinkai 6500 and 7 dives of the Yokosuka Deep-Tow Camera. The
SSF was discovered during the DSV Shinkai 6500 dive 1234
(observer: T.I.), which was a lithological transect of the inner
trench slope of the Mariana Trench along approximately 143°E.
The location of the SSF is approximately 11°39.090 N and approximately 143°02.940 E, at depth of 5,861 to 5,550 m (Fig. 1 A and B)
on a south-facing steep scarp of the inner trench slope of the
Mariana Trench, approximately 80 km northeast of the Challenger Deep, Earth’s deepest location.
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Several varieties of seafloor hydrothermal vents with widely varying fluid compositions and temperatures and vent communities
occur in different tectonic settings. The discovery of the Lost City
hydrothermal field in the Mid-Atlantic Ridge has stimulated interest in the role of serpentinization of peridotite in generating
H2 - and CH4 -rich fluids and associated carbonate chimneys, as well
as in the biological communities supported in highly reduced,
alkaline environments. Abundant vesicomyid clam communities
associated with a serpentinite-hosted hydrothermal vent system
in the southern Mariana forearc were discovered during a DSV
Shinkai 6500 dive in September 2010. We named this system the
“Shinkai Seep Field (SSF).” The SSF appears to be a serpentinitehosted ecosystem within a forearc (convergent margin) setting
that is supported by fault-controlled fluid pathways connected to
the decollement of the subducting slab. The discovery of the SSF
supports the prediction that serpentinite-hosted vents may be
widespread on the ocean floor. The discovery further indicates that
these serpentinite-hosted low-temperature fluid vents can sustain
high-biomass communities and has implications for the chemical
budget of the oceans and the distribution of abyssal chemosynthetic life.
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Fig. 1. Location of the Shinkai Seep Field (SSF). (A) Bathymetry of the Mariana Trench and location of the SSF. The West Santa Rosa Bank Fault (WSRBF) divides
the Mariana forearc into the southern and northern parts (marked by a dotted line). (B) Detailed bathymetry of the SSF area obtained during the YK10-12
cruise. Contours in 20 m intervals. The tracks of the DSV Shinkai 6500 dives 1234 and 1236 are shown by black dotted lines. Approximate location of the SSF is
indicated. Dive 1236 recovered Eocene to Miocene subduction-related volcanics, not peridotites. The bathymetry in this area shows the absence of conical hills
typical of serpentinite mud volcanoes common in the northern Mariana forearc.

Geologic Background
The Mariana arc-trench system is a nonaccretionary convergent
plate margin where the mantle of the overriding Philippine Sea
Plate interacts with fluids released by the subducting Pacific Plate.
Subduction to form the Izu-Bonin-Mariana arc-trench system
began at approximately 51 Ma (16, 17). Forearc is an important
component of a convergent plate margin and is a broad region
between the trench axis and the associated volcanic arc. Along
the Mariana forearc southwest of Guam, the West Santa Rosa
Bank Fault at approximately 144°150 E marks a major tectonic
boundary (18), dividing the Mariana forearc into a stabler northern part and a southern part which is more tectonically active.
The southern Mariana forearc is noted for facing the Challenger
Deep (Fig. 1A). A number of serpentinite mud volcanoes exist in
the northern Mariana forearc approximately 30 to approximately
100 km behind the trench axis 8–10), however none is known
from the southern Mariana forearc. Instead, serpentinized peridotite crops out and has been sampled from the inner trench
slope along the southern Mariana forearc (19, 20). The southern
Mariana forearc is cut by numerous normal and strike-slip faults
striking parallel and perpendicular to the trench axis, suggesting
that the region is under north-south and east-west extension (18).
Opening of the southern Mariana Trough (a backarc basin) and
the presence of a short and narrow subducted slab west of the
West Santa Rosa Bank Fault that is rolling back rapidly might
be responsible for the different geologies of the two forearc parts
(18, 21).
Dive Observations and Sample Descriptions
The DSV Shinkai 6500 dive 1234 observed close association
of serpentinized peridotite and vesicomyid clams (Fig. 2 A–E),
however, no active fluid venting was observed. Dive 1234 collected more than 30 live vesicomyid clams, along with peridotite,
subordinate gabbro and a fragment of a white to ivory colored
2832 ∣
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potential vent chimney (total 18 rocks, total weight approximately
77 kg), but no water samples because Shinkai 6500 was not prepared to do this. The lithologies encountered indicate that this
section of the dive was on lithospheric mantle partially covered
with locally derived debris flow deposits and ooze. Highly fractured outcrops of serpentinized peridotite were commonly
observed during the dive (Fig. 2C). Fractures in the serpentinized

Fig. 2. Field photographs taken during the DSV Shinkai 6500 dive 1234. (A)
Live vesicomyid clams on fractured and cemented serpentinized peridotite.
(B) Extensive vesicomyid clam community at 5,622 m depth. (C) An outcrop of
fractured serpentinized peridotite filled with aragonite. (D) Close-up view of
the vesicomyid clam community at 5,622 m depth, showing close association
with zoanthids (Zo) and a Beroe comb jelly (BC; enclosed by a white dotted
circle) with illuminated spots. (E) Close-up view of the vesicomyid clam community at 5,622 m depth, showing close association with zoanthids (Zo), an
actiniarian (Ac; enclosed by a white dotted circle), and a galatheid crab (GC;
pointed to by a white arrow).

Ohara et al.

The organisms other than the vesicomyid clams viewed or collected at this field included actiniarians, zoanthids, a Beroe comb
jelly, buccinid snails, and galatheid crabs (Fig. 2 D and E). No vesicomyid clam communities were found during a subsequent dive
(dive 1236) on the slope above the end of dive 1234, which recovered Eocene to Miocene subduction-related volcanics (Fig. 1B).
This observation clearly indicates that this community is hosted
solely by serpentinized peridotite.

EARTH, ATMOSPHERIC,
AND PLANETARY SCIENCES
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peridotites and spaces between clasts in peridotite breccias commonly were filled with white minerals (Fig. 3A). Thin section
observation (Fig. 3B) and X-ray diffraction (XRD) analyses confirm that the serpentine mineral is lizardite and the vein mineral
is aragonite (CaCO3 ). These serpentinized peridotites include
amphibole, like those from the dredge site approximately 50 km
east of the SSF (20). Scanning electron microscope (SEM) observation and XRD analyses of the potential chimney fragment indicate that it consists mostly of brucite (MgðOHÞ2 ) and acicular
aragonite (Fig. 4 A and B). Brucite chimneys are also known in
the Pacman Seamount (a serpentinite mud volcano) in the northern Mariana forearc (9), as well as in the Lost City field (4, 5, 22).
Abundant live vesicomyid clams were encountered between
5,861 and 5,550 m with the most extensive and diverse communities at 5,622 m at the base of an exposed section of serpentinized
peridotite breccia (Fig. 2B). Vesicomyid clams host symbiotic bacteria within vacuoles in their gills. We know of no other descriptions of vesicomyid clams anywhere on the Mariana forearc,
although Bathymodiolus mussel communities are known from the
South Chamorro Seamount (a serpentinite mud volcano) in the
northern Mariana forearc (23, 24). Although no active fluid venting was observed during dive 1234, the clustering of biological
activity along the breccia horizon at 5,622 m suggests that the fluids
responsible for nourishing the clams mainly vented along the base
of this exposure, forming the most important SSF biological site.
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Fig. 3. Serpentinized peridotite recovered during the DSV Shinkai 6500 dive
1234. Veined serpentinized peridotite (sample #6K-1234-R04). (B) Photomicrograph showing the vein is primarily composed of aragonite (sample
#6K-1234-R04). The host is now composed of lizardite. Crossed polars.

Shinkai Seep Field Vesicomyid Clams
On the basis of shell morphology, the vesicomyid clams are within
the clade including the species assigned to genus Abyssogena proposed by Krylova et al. (25) (Fig. 5A). Based on partial DNA
sequences (507 base pair) of mitochondrial DNA cytochrome
oxidase c subunit I (COI) region, this species appears to be more
closely related genetically to the vesicomyid clam described as
Abyssogena southwardae by Krylova et al. (25) from the hightemperature serpentinite and gabbro-hosted Logatchev hydrothermal field (26, 27), and from the seep sites in the West Florida
Escarpment and the Barbados Accretionary Prism (28) (Fig. 5B).
Carbon and nitrogen isotopic compositions of soft tissues from
the clams were obtained to determine the consumed food substrate
and trophic level. The highly depleted δ13 C values (−34.9 to
−33.7‰) for the SSF vesicomyid clams are consistent with other
vesicomyid clams with thiotrophic symbionts using dissolved CO2

Calyptogena sp. Barbados A. P.
0.01

Fig. 4. Potential chimney fragment recovered during the DSV Shinkai 6500
dive 1234. (A) Sectioned block of a potential chimney fragment (sample
#6K-1234-R02) (B) SEM photomicrograph of a potential chimney fragment
(sample #6K-1234-R02) showing the association of brucite (forming a lamellar texture) and aragonite (forming acicular crystals).
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77/-/-

Calyptogena sp. Logatchev Field

Fig. 5. Phylogenetic analysis of vesicomyid clam from the SSF. (A) Specimen
photograph (exterior of left valve and dorsal view). (B) Phylogenetic tree
based on COI nucleotide sequences listed in Table S1. Bootstrap values
(NJ/MP/ML) are shown beside nodes when the values are higher than 70.
Scale bar represents 0.01 changes per nucleotide base. Operational taxonomic units (OTUs) with asterisk are expressed as the genus names proposed
by Krylova and Sahling (36). OTUs without asterisk are expressed as the
species names originally registered in the DNA Data Bank of Japan. All of
these are assigned to genus Abyssogena proposed by Krylova and Sahling
(36). Calyptogena sp. from Logatchev field, Barbados Accretionary Prism
and West Florida Escarpment are now described as Abyssogena southwardae
by Krylova et al. (25). A. P., Accretionary Prism. E., Escarpment.
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δ13 C and δ15 N relationship for SSF vesicomyid clam. δ13 C of gills (n ¼ 3) and
soft body parts without gill (n ¼ 3) are −34.6  0.5 (1 sigma) and
−34.1  0.6‰, respectively. δ15 N of gills (n ¼ 3) and soft body parts without
gill (n ¼ 3) are 4.2  1.4 and 4.8  1.6‰, respectively. Data for the vesicomyid
clam described as Abyssogena southwardae by Krylova et al. (25) are shown
for comparison (27). The global vesicomyid clam compositions are based
on (39–45). Region for primary and secondary consumers from vent fields
in the Mariana Trough (46) is shown to demonstrate the isotopic difference
from vesicomyid clams.

from seawater and/or vent water as their carbon source (Fig. 6).
The δ15 N values (3.1 to 6.3‰) are similar to those of vesicomyid
clams from other localities (Fig. 6). Although vesicomyid clams
are among the dominant invertebrates of chemosynthesis-based
communities found at hydrothermal vents, cold seeps, and whale
carcasses, there have been no live examples from a serpentinitehosted hydrothermal system including serpentinite mud volcanoes,
except for the high-temperature serpentinite and gabbro-hosted
system at Logatchev (26, 27) and the Vema Fracture Zone
(although the hydrothermal activity in this location has yet to be
documented) (25, 29). Fossil vesicomyid clams have however recently been reported from two sites near the high-temperature serpentinite and gabbro-hosted system at Rainbow (30, 31). It should
be noted, however, that one of these sites, the Ghost City field,
was not a high-temperature system when it was active approximately 110 kyr ago (31). The SSF vesicomyid clam community is
therefore an important live example of a low-temperature serpentinite-hosted hydrothermal system from either convergent or divergent margins, extending our knowledge about the biogeography of
these clams.
Discussion
The serpentinization processes at several MAR hydrothermal
sites are controlled by the interactions of seawater and peridotite
with variable influence of magmatic heat (via gabbroic intrusions)
(6). In contrast, the SSF is located in a deep inner trench slope
of a convergent margin where magmatic heat contribution is
unlikely. The serpentinization process at the SSF is instead likely
controlled by persistent fluid flow from the subducting slab,
although the bathymetry of the SSF indicates that it is not associated with a discernible serpentinite mud volcano (Fig. 1B).
Fluids from Mariana serpentinite mud volcanoes have affinities
with slab-derived fluids (32). The source of these fluids is dehydration of sediment and altered basalt at the top of the subducting Pacific Plate (12). The large volumes of slab-derived fluid
available in a convergent margin setting appears to allow higher
fluid-rock ratios than is possible in a mid-ocean ridge setting.
Persistent fluid flow could eventually result in pervasive serpentinization of the peridotite beneath the SSF. It should be noted
2834 ∣
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that the serpentinized peridotites from the SSF as well as from the
dredge site approximately 50 km east of the SSF (20) include
amphibole, suggesting a hydrous mantle beneath the forearc in
this region.
The potential vent chimney sample from the SSF further constrains the origin of the SSF fluids. Systematic chemical variation
of the fluids across the northern Mariana forearc is documented
among the serpentinite mud volcanoes. The trench-proximal mud
volcanoes (e.g., Pacman Seamount) have fluids with lower alkalinity and higher Ca, and brucite chimneys. In contrast, trench-distal
mud volcanoes (e.g., South Chamorro Seamount) have fluids with
higher alkalinity and lower Ca, and carbonate chimneys. This systematic variation reflects progressive devolatilization of the slab
with increasing depth and temperature beneath the forearc (9, 12).
The potential chimney sample from the SSF largely consists of
brucite, consistent with the observation in the trench-proximal serpentinite mud volcanoes.
We thus interpret that the SSF represents a serpentinitehosted ecosystem supported by fault-controlled fluid pathways
connected to the decollement within a forearc (convergent
margin) setting. Our DSV Shinkai 6500 diving and earlier dredging (19, 20) indicates that the deep geology of the southern
Mariana forearc is dominated by peridotite and is heavily faulted,
suggesting that more SSF-type seeps exist along the southern
Mariana forearc, and perhaps, along the other nonaccretionary
convergent margins like the Tonga forearc where extensive peridotite exposures in the deep forearc also are known (33). Our
discovery supports the prediction that serpentinite-hosted vents
may be widespread on the ocean floor (5, 30, 31). The discovery
further indicates that these serpentinite-hosted low-temperature
systems can sustain high-biomass communities. Therefore, this
discovery could help us better understand how seafloor hydrothermal activity contributes to the chemical budget of the oceans
and the distribution of abyssal chemosynthetic life.
Methods
SEM and XRD Analyses. SEM observations of the potential chimney fragment
were made at Southern Methodist University (Dallas, USA) on a Leo-Zeiss
1450VPSE electron microscope equipped with an EDAX Genesis 4000 XMS
SYSTEM 60 energy-dispersive spectometer. XRD analyses of the chimney fragment were also made at Southern Methodist University with a Rigaku Ultima
III XRD system. XRD analyses of the vein minerals of the fractured peridotite
were made at Shizuoka University (Shizuoka, Japan) with a Rigaku RINT 2200
XRD system.
DNA Sequence Information for the SSF Vesicomyid Clams. Phylogenetic relationships of the SSF vesicomyid clams were determined at Japan Agency
for Marine-Earth Science and Techonolgy (JAMSTEC) based on partial DNA
sequences (507 base pair) of mitochondrial DNA cytochrome oxidase c subunit I (COI) region, employing the method of Kojima et al. (34). The obtained
sequences were aligned by CLUSTALW mounted in MEGA version 4 (35) with
the sequences of the vesicomyid species which are proposed as type species
of the five genera (Calyptogena, Ectenagena, Archivesica, Akebiconcha and
Isorropodon) by Krylova and Sahling (36), as well as all the available sequences
of genus Abyssogena in the DNA Data Bank of Japan (Table S1). Reconstruction
of the phylogenetic tree was conducted by neighbor joining (NJ) (Kimura
2-parameter distance), maximum parsimony (MP), and maximum likelihood
(ML) methods, using MEGA version 5.05 (37) (Fig. 5B).
Stable Carbon and Nitrogen Isotopic Compositions of the SSF Vesicomyid Clams.
Samples were prepared at JAMSTEC. The whole clam specimens were stored
at −80 °C prior to dissection and isotope analyses. After thawing to room
temperature, samples of gill and other soft tissues were dissected from
the specimens, and were rinsed in filtered seawater. Prior to isotope analyses,
samples were dried and powdered, and lipid was extracted following the
method of Ohkouchi et al. (38). Carbon and nitrogen isotopic compositions
were determined at the Japan Chemical Analysis Center with a Delta V
advantage isotope ratio mass spectrometer coupled with an elemental
analyzer via ConFlo IV interface. Analytical precisions observed by repeated
measurements of authentic and laboratory standards were better than
0.2‰ for carbon and nitrogen. The results are expressed relative to Pee Dee
Belemnite and atmospheric nitrogen standards in the usual notation (Fig. 6).
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